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I. INTRODUCTION

Many types of artillery projectiles are accelerated in the barrel by a sabot. The transfer of the
accelerating force from the sabot to the projectile is accomplished by a series of threads or
grooves in the later. These surfaces are referred to as buttress threads or grooves in the follow-
ing. Aerodynamically, these mechanical engagement devices are roughness elements although
the roughness heights cart be large relative to the boundary layer thickness. They produce two
effects: one is an increase in the axial force, and the other an increase in the thickness of the
boundary layer which can result in an interaction with the rear end of the configuration. These
effects may be significant, hence they must be included in the prediction of the aerodynamic
characteristics of such projectiles. A shadowgraph of a typical high speed kinetic energy projec-
tile in flight is shown in Figure 1 in which the buttress grooves and their effect on the boundary
layer are evident.

The goal of this work is to review prediction methods for turbulent boundary layers over
rough surfaces, with the objective of selecting the ones that best fit the ongoing activity of the
Computational Aerodynamics Branch, Launch and Flight Division, US Army Ballistic Research
Laborator,, (BRI,) Aberdeen Proving Ground, Maryland, and then to implement and validate
them.

Most roughness elements employed in ballistics are circumferential. From an aerodynamic
point of view, they are two-dimensional. As a result, the search covers, mainly, investigations
concerning two-dimensional roughness.

II. CLASSIFICATION OF PREDICTION METHODS

Prediction methods can be classified into two main approache-: 1) Correlation
methodologies; and 2) Analytical predictive techniques. The first ones are based on existing
experimental (or empirical) data and are useful as long as sufficient data are available under
conditions reasonably close to the design problem. It is, however, of little help if the data are
sparse or missing. Current activities at BRL include Mikhail'si correlation of available data on
rough projectiles.

A classification tree of predictive methods is shown in Figure 2. The main methods for the
analysis of boundary layers are: 1) integral methods; and 2) differential methods. Both classes
have been successfully used for the case of turbulent boundary layers over rough surfaces.
However. the differential methods can be modified more easily to handle tile three-dimensional
case of a configuration at an angle-of-attack and the case of the interaction between a body
boundary-layer and stabilizing fins. Also. the differential methods have an advantage in the
present work because they can be incorporated into existing numerical techniques and codes in
the field of computational aerodynamics.



The differential methods can be divided into two major approaches: 1) distributed roughness;
and 2) discrete element.

The foundation for the distributed roughness approach is the well established empirical
relationship between sand-grain roughness and the skin friction and the velocity profile. For
roughness other than that of sand grain, empirical data is used to find an equivalent sand-grain
roughness. This approach will be elaborated on in the next Chapter.

The discrete element approach estimates the form drag and the heat transfer to the individual
roughness elements. These quantities are added to the friction drag and the heat transfer to the
smooth sections between the excrescences. This approach can be further divided into two
branches, according to the grid used in the numerical solution: I ) micro grid; and 2) macro
grid.

In the first case, the grid follows the actual su:., ,-e Thus, it has to be fine enough to describe
the geometry and the turbulence quantities in detail. In principle, this approach will solve the
complete (i.e., time dependent) Navier-Stokes equations or the time-averaged ones. This method

was used recently by Sahu and Danberg2 to study supersonic flow over a rotating band. Bawsal
and Stallings3 studied flow over a cavity and Venkataphaty, et al considered the flow over a
two-dimensional groove having a square cross-section.

In spite of the demonstrated success, to date, this procedure has had application only in
configurations having a small number of roughness elements. Many configurations, in the field
of ballistics, have large series of roughness elemen:s. In these cases, the computational require-
ments are beyond the present capacity of codes and machines.

The second branch, that of macro grid ignores the fine details of the flow near the wall. The
actual surface is represented by a smooth one. The equations of motion are altered to account for
the blocking effect of the protruberances: the estimated form drag of the discrete elements is
taken into account in the momentum equation: the estimated heat transfer is taken into account

by the energy equation. Hodge and Adams 5 used this approach for sand-grain roughness at
supersonic and hypersonic Mach numbers. More recently, Taylor, et a16 extended this approach
for two-dimensional, rib-type roughness.

The follow, ing conclusions are made, based on the above overview: The micro grid branch
has the greatest potential ain is highly recommended because it requires the least specific
empirical data. However. it is presently limited to configurations having only a small number of
roughness elements. It is expected that the application of this branch will expand, its computing
capacity grows in the future.



The main issue, for the analysis of configurations having many roughness elements is between
the distributed roughness approach and the macro grid branch of the discrete element approach.
The later introduces physical reasoning to the analysis. Nevertheless, it depends oil empirical
data and contains assumptions ilhat need verification, especially for application to supersonic
M..cfn numbers and dense roughness. At present, it does not provide an advantage over the other
and more established methods. Hence the distributed roughness approach was selected for the
present study.

11. SAND ROUGHNESS

I. REVIEW OF FUNDAMENTALS

It is conimmonly assumed, in the analysis of turbulent boundary layers, that Reynolds stresses
dominate in the inner region, except for the wall layer. This assumption, together with similarity
considerations, led to the well known Law of the Wall:

u _ I >l 1

In" +C. (I)U " K V

Schlichting's7 values for the Von Karman constant, K. and the free constant. C. are 0.40 and 5.5.
respectively. These values will be used in the present work.

Roughness elements, are a source of additional turbulent eddies near the wall. These eddies

increase the Reynolds stresses in the wall layer. It is well established (e.g. Clauser, 8 Rotta9 1) that

the effect of the additional stresses is a downward shift of the logarithmic velocity profile. The
Law of the Wall for flow over rough surface becomes.

u I Yut Au-In_--- + C - L_ . (2)
Ut K V U

The change of the intercept depends on the normalized roughness height, hut/v, the geometry of

the roughness elements, their density and their arrangement on the wall.

2. EMPIRICAL DATA

The first and most quoted studv of the ,ffct of sand roughness oil pipe flow is that of

Nikuradse. He validated the Law of the Wail for rough surfaces and proposed three regions of

roughness



hsu~ .< 7 : hydraulically smooth,

V

hsuxc
7 < - < 70 : intermediate rough, (3)v

hsu.•
70 < - : fully rough.

The dependence of the normalized displacement of the logarithmic velocity profile. relative to

the smooth case, is shown in Figure 3. For the fully rough region it was found, based on
Nikuradse's data, that

A u I hsuT 4
-= -In-h - 3.0. (4)UT K V

Goddard,"' Fenter,'1 and Reda, et al"' extended the data base to supersonic Mach nunmbers.
Their results, concerning the displacement of the logarithmic velocity profile are shown in Figure
3, in comparison with those of Nikuradse. It is apparent that the displacement is independenit of
Mach number, provided the kinematic viscosity is evaluated at the wall.

The amplification in skin friction, which is the ratio of rough wall to smooth wall skin-friction
coefficients, is shown in Figure 4. The following relationship has been found by the present
authors to fit the data.

Cf hsut
Cf° = 0.11 + 0.89 log Vw (5)

IV. EQUIVALENT SAND ROUGHNESS

I. THE CONCEPT OF EQUIVALENT SAND ROUGHNESS

Three years after Nikuradse obtained the data on 1low in pipes roughened by closely packed

sand grains. Schlichting 14,7 published results of mcasurements of the drag produced by other
fon'ns of roughness. His configurations were made of spheres, spherical segments, cones and
short angles, arranged in regulair patterns. Some configurations yielded more drag than that
produced by sand rou.hness of the same height, while others gave drag that was smaller.

Schlichting proposed !o consider sand-grain roughness as a standard and introduced the
concept of equiva'.ent sand roughness which is tile size of sand grains that produce the same drag

4



as an actual configuration, under the same flow conditions. The range of the ratio of the size of
the equivalent sand roughness to the height of the roughness elements in his test varied between
0.13 and 3.8, demonstrating the importance of the shape and the arrangement in determining the
effect of roughness.

It is assumed that the wall velocity profile with actual roughness is the same as that for
equivalent roughness. Introducing the index 'es' for equivalent sand, the condition for

Cf = Cfes gives:

Au = ýiue (6)
LIT Ur es

In the region of fully rough flow:

S= - IIhu + D . (7)
uT I V

Hence, the equivalent sand roughness can be obtained by:

I hut II n - + D = - I + Ds- (8)
K V K V

Introducing D. = -3.0, as found by Nikuradse, and arranging:

hes
--•-= expIK(3.0 + D)j (9)

This relationship gives a means of determining the equivalent sand roughness, given the change
in the intercept of the Law of the Wall.

2. REVIEW OF EXISTING CORRELATIONS

The effect of spacing on two-dimensional roughness %Aas first studied by Morris.1 He
classified the flow fields into three types: skimminng. wake-interference, and isolated roughness.

A pioneering attenir' to quantify the effect of the spacing of two-dimensional roughness

elements was performed by Betternann 16 in 1905. For roughness c0ompoS.ed of tians, erse square
bars he correlated the change of the intercept hy the ielationship:

D = 17.55(1.6341lg h " 1.0)) t1,)



where the roughness density parameter is the pitch or wave length to height ratio, kh = p/h.

In 1969, Dvorak 17 introduced pitch to width ratio as a density of roughness elements
parameter, ka = p/a. For parameter values less than about 5.0, and for square roughness, he

corroborated Bettennann's cor'elation. For larger values, part of Schlichting's data ana that of
other sources, were used to establish a complenmntary correlation.

{17.35(1.625 log a" - 1.0) Xa < 4.68
D -5.95( i. 103 log LX - i.0) X, > 4.68) . (11)

Note: The small difference between the constant multiplying log X in Bettetmann's article and
that published later by Dvorak, is of little practical significance.

The above relationship between the displacement of the velocity profile and the density of the

roughness was adopted by Cebeci and Smith18 in their text on the analysis of turbulent boundary
layers.

In 1973 Simpson suggested a more general interpretation of the Betten;iann and Dvorak
correlation, by replacing their roughness density parameters by the ratio of reference area to total
roughness frontal area. The reference area, S, is defined as the smooth surface before adding the
roughness.

S

The rational for this generalization lays in the fact that for fully rough surfaces, the tangential
forces are predominately due to form drag of the elements, which is proportional to their frontal
area. By including additional data, he discovered two empirical findings. First. for low values of
the density parameter two branches exist, depending on the formation or nonexistence of
transverse vortices between rows of the roughness element;. Second, the shape of the roughness
elements is an important parameter that should not be overlooked.

For the case of two-dimensional roughness, the Simpson interpretation of the density
parameter is identical to that of Betterniann.

The two branches of the correlations represent two types of flow in the vicinity of the rough-
ness elements. For small longitudinal spacings, vortices are formed in the grooves and the
external flow skims over the tops of the roughness elements and over the enclosed vortices. This
kind of geometry is called "d type" because the velocity profiles, in pipe flow, scales with the
diameter. For large spacings. each element produces a wake that interacts with the following
element. This is the "k type" roughness, where the height of the elements is the length scale. An

6



extreme case of this type is that of isolated roughness elements. Figure 5, reproduced from

Young and Patterson, illustrates the two types.

An attempt to consider the shape of the elements in a correlation was reported by Dirling21 in

1973, in which he included the mean windward surface inclination. His combined, roughness

density and shape parameter is:

where d is the average roughness element spacing and A, is the windward surface area wetted by
21the flow and Af is the frontal area ofa roughness element. In 1975, Grabow and White verified

Dirling's correlation by showing good agrcement with additional data.

Dalle Donne and Meyer23 experimented with anulli whose inner tubes were roughened by ribs
having rectangular cross-sections. They correlated their data and those of 18 previous research-

ers, using the roughness Oensity parameter:

h h - E

For square and near square rods (0.95 !5 h/a • 1.05). their correlation gives:

0 , -1 .7 .3 lik

5.5 - 9.3 X-h 1.0 !•Xh •< 6.3 ,
D - ,*0.46•

5.5 - 1.04 -h , 6.3 < •-h ! 160.(0

TABLE 1 contains a list of the roughness density Parameteis uedl iIn the past. Note that for

sqtlare bars. nonrmil to the mainstream, all the fiIst four parameters are identicl and the DAle

Donne and Meyer parameter is related to them by Xh = %h " I.0

7



TABLE 1. Definitions of Roughness Density Parameters

Authors Year Parameter Reference

Bettemiann 1965 h 16

Dvorak 1969 xaR1

Simpson 1973 xf = 1

Dirling 1973 Af4/ 21

Dalle Donne & Meyer 1976 kh =Xh-a X 23

Pre senti 198 A, S f(A.



3. A NEW CORRELATION

Since the above mentioned correlations have been published, additional data have been

reported. Furthermore, Coleman, Hodge and Taylor2 4 re-evaluated Schlichting's experimental
data. Their corrected values for the equivalent sand roughness are smaller, and in some cases
much smaller, than those reported in Reference 14 and used in the previous correlations. Refer-
ence 24 re-evaluated three out of four of the groups of roughnesses tested by Schlichting. The
corrected equivalent sand roughness for the fourth group, that of short angles, was obtained using
a correlation of the available corrected versus uncorrected values. The uncertainty involved in
this approximation is smaller than the scatter in the data.

The study of the available data, including the corrected data. showed that only Simpson.s
roughness density parameter represents the data for three-dimensional roughness configurations
close to that of two-dimensional ones. Also, the inclusion of a shape factor, as proposed by
Dirling, is needed in order to correlate data from roughness elements of different shapes. The
new roughness density parameter is:

S (Afyf'r"As = -rt )

and the correlation is shown in Figure 6. The sources of the data afe sunmm~iarized in TABLE 2.
Note that the previous correlations, plotted in Figure 6, are only valid for square or near square
bars. In all these cases, the shape factor becomes unity so that the former roughness density
parameters are all identical to the current one. The power of the shape factor in the current
parameter has been adjusted so that it correlates Schlichting's corrected data for all four groups
of roughness elements. In the case of circular rods (References 32 and 33), the streamwise area,
below the point of maximum width, was accounted equal to the frontal area
(A,/An = 0.5 + n/2.0).

The correlation of the three-dimensional data is 2-onsistently lower than that of two-
dimensional roughnesses. This difference is expected because the end effects of the finite width
elements reduce their form drag, relative to continuous transverse ones.

The model is biased toward daIta obtained oil plane (rough) Sulfa.ces. For low values of the

roughness density parameter, the Bettermann relationship of Equation (I 0), which is based on
parametric wind tunnel tests, is retained. However, the large spread in the later data adds uncer-
iainty, which on ly can be soived by the addition of systemaltic new data. For moderate and high
values of the density parameter, this work proposes for two-dimensional roughness:



TABLE 2. Sources of Data Used in the Correlation

Authors Reference Xh range Comments

Schlichting 14 0.9 - 9.7 spheres
2.6- 15.3 spherical segments
5.3- 10.7 cones

6.7 - 13.3 short angles

Bettermann 16 2.65 - 4.18 low speed wind tunnel.
square bars

Dalle Donne & Meyer 23 4A08 - 61.5 annular tube, rough inner
rod. Correlation includes

data of several researchers
and cover 2.0 5 X- - 160.0

Webb, et Al 25 10.0- 40.0 tubes

Hanl, et al 26 5.0 - 15.0 parallel plates, only data for

transverse ribs used

Liu, et al 27 2.0 - 96.0 water tunnel

Pineau, et al 28 4.0

Perry & Joubert 29 4.0 low speed wind tunnel,
square bars

Antonia & Luxton 30 4.0

Antonia & Wood 31 2.0

Furuva, et al 32 2.10 - 64.0 transverse circular rods

Sherif & Gumley 33 10.0

10



[17.35(0.634 log As - 1.0) , 1.4 5 As < 4.89

D 2.2 , 4.89 < As < 13.25, (13)

9.55(1.0 - 0.686 log AS) , 13.25 • As ! 100.0.

For dense arrangements of :wo-diniensional roughness elements, vortices form in the cavities
and the external flow skims over the tops of the elements and the vortices. In this case, the shape
factor may be different from that for sparse roughness elements. Since no additional pertinent

data were found for this region. the left branch of the correlation (Equation (13)) should only be.
used for square, or near square, bars. The scarcity of data for three dimensional roughness at low
and intermediate values of the density parameter prevents at general mnodel for this case. A partial
model for three-dimensional roughness is:

D = 9.7(0.0 - 0.794 log As) , 16.0 S As 5 200.0 . (14)

4. THE EQUIVALENT SAND ROUGHNESS

Using Equation (9), the equivalent sadrd !oughness for two-dimensional roughnesses becomes:

0.003215 Asj'•425 1.4 S AS S 4.89
--- 8.0 , 4.89 < As < 13.25 , (15)

151.71 AS*379 . 13.25 S As < 100.0

for three-dimensional roughnesses:

hes
= 160.77 AS1'3 ' 16.0 < s A<. 200.0 . (16)

These correlation equations are presented in Figure 7. The present left branch is identical to that
of Bettermniin and very close to that of Dirling. On the other hand, the present right branch is
much higher than the previous correlations by Dvorak and Dirling. Due to the variance in t!

density parameters, comparison of the equivalent sand roughness is only possible for the case
square bars.

I1



5. DEPENDENCE ON MACH NUMBER

As discussed in Chapter 1II, the displacement of the logarithmic velocity and the gain in skin
friction for sand roughness is independent of Mach number, provided the Reynolds number of
the grain size is evaluated at wall conditions. Voisinet 34 reached the same conclusion for
screens.

On the other hand, the only datum found for two-dimensional roughness at a supersonic
speed, is that of Berg, 35 which shows an effective sand roughness that is lower than predicted by
the low speed correlations. The results concerning skin friction and the intercept of the logarith-
mic velocity are consistent, indicating high quality data. Nevertheless, since this is a single
datum, no reliable relationship between the equivalent sand roughness and Mach number can be
devised. Such a relationship will have to be based on calibration of computations of the drag of
roughness configurations for which data are availaNe.

V. APPLICATION IN COMPONENT BUILD-UP METHODOLOGIES

1. COMPONENT BUILD-UP IN DRAG

The new correlation can be used for an engine.ring type estimate of the increment in friction
drag due to surface roughness. The results of such estimates can be used with Component
Build-Up (CBU) methodologies, because they add on the variuus contributions to the drag.

A schematic of the analysis is shown in Figure 8. Using the new correlation, the equivalent
sand roughness, for a given roughness geometry is evaluated. Also, for given flight conditions
and size of the flight vehicle, the smooth wall average skin-friction coefficient is estimated.
Knowing these two quantities, the gain in skin friction, Cf/Cfo, due to roughness, is evaluated.

The additional axial-force coefficient is

SRACA = •R ACf , (17)

where ACf = Cf - Cfo .

2. LONG-ROD PROJECTILE TEST CONFIGURATIONS

The component build-up scheme and the Navier-Stokes numerical computation, to be consid.
ered in subsequent Chapters, were checked by applying them to the wind-tunnel models tested by
Brandon and Von Wahlde.3Y The models vere tested in the Naval Surface Weapons Center

12



supersonic wind tunnel and consisted of a Sears-Haack nose, a forebody, an afterbody and a fin
•ction as shown in Figure 9. Several forelxxlies and afterbodies were constructed in different
lengths so that the overall length could be varied between 20 and 35 calibers. The forebody
sections were either smooth or grooved as shown in Figure 10. The afterbody sections were
either smooth, grooved or covered with standard machine threads (30 threads!caliber). Thus a
number of different kinds of roughness characteristics could be produced to simulate typical
saboted projectiles. Tests were performed with and wihout the fins. The wind tunnel model has
an abrupt 6.2% decrease in diameter at the fore- to aft-body junction.

The wind tunnel tests of the models were carried out over a Mach number range of 3.5 to'5.0.

However, the majority of the tests were focused on Math number 5.0. The Reynolds number in
the wind tumel was relatively small comDu'ed to free-flight conditions, particularly at the high

Math numbers.

3. COMPONENT BUILD-UP RESULTS

The roughness density parameter for these buttress grooves is small enough to be on the left
branch of the new correlation. Accordi,•g to a comment in Section IV-3, the shape factor should
not be used in this case. Thus, the equivalent sand roughness was estimated as if the cross-
section of a groove was a square. The ratio he.,.!h was found for two cases. The first, for
Xh = p/h and the other for •h = kh + O.5, which takes into account the width of the cavities at

their top end. An average value of the two cases is used. For the (plain) threads, the data of
Fenter for v grooves was used. The estimated values are:

fore1 h,•/h

Buttress Grooves 0.52
Threads 0.55

The smooth wall skin coefficient was obtained from the NSWC Aeroprediction37 code. For

configurations with mixed roughness •buttress threads on the forebody, threads on the afterb•xly),

separate estimates were perfon'ned for each sectio•l. The analysis follo•ed the scheme described
above and the results are shown in Figure II in ctwnparison with wind-tunnel data, I'•sed on
Appendi• D of Reference 36. In more than half tile cases, the agreement between prediction and
test data is gotvd, In the other eases, the deviations do not show a consistent trend alld are of the

same order of magnitude as the scatter in the data.
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VI. ALGEBRAIC TURBULENCE MODELS FOR NUMERICAL CODES

In Sections IV and V, the conccp, ,f equivalent sand roughness was explored in some detail.
The added drag was estimated for a given configuration using the component build-up technique.
Another approach, that is potentially more general, is to modify the algebraic turbulence models
used in existing numerical Navier-Stokes solvers to account for surface roughness. The distrib-
uted roughness approach does not consider the details of the roughness elements, so it is not
simply a matter of changing local bo,,ndary conditions at the surface. The effect of the rough-
ness is incorporated by changing the equations which define the relationship between the tur-
bulent eddy viscosity and the local flow variables. Since most codes use some fonu of a two-
layer mixing-length method for computing the eddy viscosity, the effect of roughness is; to
modify the mixing-length formulation. Several researchers have studied this problem and the
results of their analyses are discussed in this section followed by details of the incorporation of
one of them into a parabolized Navier-Stokes code and its application to the Brardon experiment.

1. VAN DRIEST MODEL

The first mixing-length model that considers wall roughness was developed by Van Driest 38

(the superscript + indicates wall units):

F1 = +y (-6ov- \ SP ~ ~ v ) +Y[ x~i expy-j6-)j+ ,K h•! 60 .(18)

The value h+ = 60 marks the beginning of the region of fully rough flow. For this value the
wail damping is eliminated and the mixing length becomnes:

1+ =I•y• at h =60.

According to this model, I vanishes at the wall in the entire range ( f applicability, as illustrated in
Figure 12. The initial slopes of the 1+ vs y+ curves are equal tu K, except for the case of a
smooth surface, where the initial slope vanishes. To apply this method to larger roughness

(h+s > 60) requires additional empirical information concerning the displacement in y of the

effective wall.

2. HEALZER MODEL

Several researchers proposed extensions (f' the mixing-length model into the region of fully
rough boundary layer, by allowing the mixing, length to exceed 'y* and become nion zero at tile

wall. The one by l-ealzer,19 et al was considered for application because it was successfully used

14



by Lin and Bywater.40 It has been selected for inclusion in the PNS code because it is compat-
ible with the Baldwin-Lomax turbulence model already in the code, it is directly adopted to
compressible flow, and it is not limited in roughness height which can be considered.

KVI 1- exp&-L1 , 7 < h" < 55

with AR = 12.615(4.007.- In h+)[+ (19)[(y) + (ao:: h,+ > 55

with A = 0.05325(

For intermediate roughness, the mixing length and it!- initial slope vanish at the wall. For a
fully rough wall, I' equals A, at the wall. The wall value ',.,:reases, as h+ increases, as shown in

Figure 13.

3. HAN MODEL

More recently, Han41 developed a new fomulation for the mixing length for smooth surfaces
and extended it to rough ones. His approach is different from all previous ones in relating the
mixing length to the velocity, rather than to the distance from the wall. Four models were
studied by Han, the preferred one being

I+-" RE[exp(KU÷) - exp(-KU)] (20)

with E = 9.025 and R. the roughness amplification factor, a function of the shape of the rough-

ness and of h11. For sand grain roughness:

R = 0.3036h , h, > 1(0 . (21)

For h* < I(X), Han provides tabulated values of R. Study ot the data showed that the above

expression can be used down to h' = 50 with a very small inaccuracy. The following model is

proposed

R f 0.3036 h . h' > 50
R =, •22)

t 0.3036 h - 0.043(50 - h') , 20 < h+ < 50
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It should be noted that the Han model is based on the incompressible logarithmic velocity profile
and as a consequence it is not apparent how this formulation can be extended to high speed
compressible flows.

4. THE OUTER LAYER

ClauserX reached a conclusion that the turbulence level and the Reynolds stresses in the outer
layer are not affected by wall roughness. Since then, most researchers have accepted this find-
ing. Thus in the following, the Baldwin-Lomax outer-flow computational procedure is used.

VII. APPLICATION TO PARABOLIZED NAVIER-STOKES CODE

1. PARABOLIZED NAVIER-STOKES CODE

The Parabolized Navier-Stokes equations (PNS) have been solved using a technique devel-

oped by Schiff and Steger. 42 These equations, in strong conservation form, and simplified using
the thin shear layer approximation can be written in generalized coordinates as follows:

A A A A)s 3F aG I as 3+JE + .... (23)
+ 4 R

Re

where T, 1, • are the generalized coordinate variables.

, = ý(x), is the longitudinal (marching) coordinate
T = fl(x,y,z), circumferential coordinate

= ý(x,y,z), near normal coordinate.

A A A A
The inviscid flux vectors Es, F, and G and the viscous matrix terms, S, are functions of the

dependent variables, q1:

(p,

ru
A . I
A ' (24)

e ,

where p is the density. pu, pv. and pw are the mass fluxes in the three coordinate directions and e
is the total energy per unit volume The local pressure is detenmined by using the relation:
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P = (y - 1)le - 0.5p(u2 + v2 + w2)1 (25)

where y, is the ratio of specific heats. The parabolization of the equations is accomplished in the
AEs flux vector by ensuring that the static pressure is maintained constant across the subsonic

layer near the wall. Thus, in supersonic free-stream flows, these equations can be solved by
marching in the longitudinal direction.

An initial plane of data is required to begin the marching and this is obtained from the conical
starting procedure. The starting procedure consists of marching one step downstream aind
updating the previous step by extrapolating back using a conical flow assumption. This proce-
dure is repeated until a converged solution is obtained in which the change in density between

successive iterations is less than 10-i times the free-stream value.

The numerical algorithm is formulated using an approximately factored, implicit, finite

difference scheme developed by Beam and Warming.4 3 Fitting of the outer bow shock wave has
been performed in these calculations consistent with the implicit boundary method formulated by

Rai and Chaussee.4

2. IMPLEMENTATION OF THE TURBULENCE MODEL

The PNS code employs the Baldwin-Lomax 45 smooth wall turbulence model and the viscous

flow is assumed turbulent from the starting solution. The Baldwin-Lomax model is a two layer
model in which the inner layer eddy viscosity is defined by:

gat = p121(0o1 (26)

where I = ky I - exp'.)L] and j10 = magnitude of the vorticitv

and for attached flow, the viscosity in the outer layer is given by:

P KCcppyjjjF(yni)F (27)

where F(Y) = YIw Il - x V+

and F(ym) = maximum of F(y) and vm is the normal distance tu the maximum in F(y).
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K = 0.0168

Cop= 1.6

1 I + 5 .5 (,Y ' ] = (Kiebanoff intermnittency factor)

Ckleb = 0.3.

The inner viscosity is used at each step nonmal to the wall until it exceeds the outer viscosity
where upon the outer value is used.

The original coding of the Baldwin-Lomax technique evaluated the eddy viscosity between
grid points and interpolated to form the viscosity at the grid points for the sabsequent calcula-
tions. This unnecessary step has been eliminated by WeinachtO6 and it is his version that has
been used here.

The Healzer, et al. 39 model, as well as the other models discussed ii Section VI. is assumed to
only affect the inner layer mixing length and that the outer layer formrinution remains unchanged.
When the roughness model was implemented, the solution at the rou?,hness oscillated strongly
and in many cases diverged. It was observed that in a distributed roughness method, the rough-
ness is viewed as a change in the wall boundary conditions whereas the Healzer model not only
affects the wall conditions but actually changes the eddy viscosity formulation across the inner
boundary layer. Physically, diffusion of wall conditions should be limited to a zone of influence,
at least roughly corresponding to the propagation of a Mach wave across the layer. A convenient
implementation 0t this idea involves freezing the eddy viscosity at its value at the start of the
roughness zone above a Mach wave originating at the start of the roughness. Below the Mach
wave, the eddy viscosity is calculated by the Healzer model but multiplied by a transition factor
which smoothly connects the roughness eddy viscosity with the viscosity above the wave. A
further simplification is made by calculating the Mach line location based on the free-stream
Mach wave direction and ignoring the actual Mach number distribution including the subsonic
layer. Thus the eddy viscosity distribution is calculited over the roughness section by:

= + ( p't - lit) G (28)

where: t= (.

- the smooth wall eddy viscosity at the start of the roughness

L= rough wall eddy viscosity
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G = transition factor

The factor, G, is chosen to have the following forni,

Ynmw v

G 0 ~ <0lm

Ymw =(x xri) tan arcstn(-'j

= location of Mach w~

xri =longitudinal start of the roughness area

y = distance normal from the w.all

Y11=Baldwin-Lomax normal distance to maximuml in nmoment of voilicity,

Note that when ymw is significantly larger than the viscous layer, the eddy viscosity is computed

entirely batsed onl the rough wall model. The fonii and extent of the transition region is quite
arbitrary' except that eddy viscosity -Thould smloothly- change from the sinooilh wall to rough wall
value over as small of a region of the rough surface ats is needed for numerical stability.

Thle downstream transitlion fr-om tilhe i'migh wall to the smoothI wall potentially piesei ts it
su:imilr problem of the discontinuious chig In the equat ions uised to compuite the mix ing, lengI it.
A transition may be expected whier-e thle Smoo0th wall tur-buIlence diffu.;-es out ti-omf the change inl
thle Wall bou ndary condition. Inl the pre sent case1. 'it w.as not necess ary to in tr'odtICe at tranlsit ion
proces.iS ilttnou-'h the skill friction decrelased t0 very- lo0\%'a VLieS heh and the roug'hnless and could
possibly go to zero or becomie negative for larger rmighnesses. The PNS code ýwoldI not he ý alid
uinder these conditions, nor would thle I Icaizer turbuUlence m~odel be applicable.



3. APPLICATION TO A LONG-ROD PROJECTILE

As previously noted, the computations with the i, ughness model have been applied to the

flow conditions and configuration tested by Brandon and Von Wahlde.36 The model configura-
tion is shown in Figures 9 and 10.

The blunt tip of the Sears-Haack nose (0.035 caliber) is replaced by a 14.972 degree conical
tip which increased the total length to 20.757 calibers for the smallest L/D model. No forces are
calculated in the conical tip and thus the axial forces are somewhat less than would be obtained
in the experiment. The origin of the computational coordinate system is at the virtual origin of
the conically extended nose. The change in diameter between the fore- and aft-body is imple-
mented in the computations as a conical section, of about one caliber, in order to reduce numeri-
cal oscillations due to the change in geometry. The PNS computations were made corresponding
to a Mach number of 5.0, Reynolds number of 18.6 x 10' per meter and a nominal wall tempera-
ture of 30W) K.

The geometry of the groove roughness elements are shown in Figure 10. The test configura-
tion computed here consists of groove roughness elements extending over the entire fore- and
aft-body and just on the fore-body. The groove depth is 0.0535 calibers and its pitch is 0.1334
calibers. The front face of each element is inclined at approximately a 45 degree angle. As has
been previously pointed out, this roughness is such that the roughness density correlation is not
valid and the equivalent sand roughness height has been estimated in Section V to be 0.0278
calibers. However, the computations have been pertbrrned over a range of values of equivalent
roughness height.

4. PNS RESULTS

Figure 14 shows the skin friction coefficient distribution for the case of an equivalent rough-
ness height of 0.0278 calibers. The solid line is the smooth body case and the dashed line is with
groove roughness over the fore- and aft-body. There is considerable oscillation at each change in
the body shape which is frequently observed in PNS SKin friction results. Skin friction is an
extre'-,lv sensitive result because it mainly depends on the derivative of the velocity profile.
Increased numerical damping could possibly reduce this to some extent but potentially at some
loss in acct,-acV.

At the leading edge of the roughness there is a ver-y sharp peak in the wall friction but the
effect of this on the properties of the boundary laver is limited by the outward diffusion as
previously discussed. Downstream of the transit:nr. the friction coefficient becomes nearly a
constant fictor of 1.5 higher than the smooth wall case. The abrupt transition from rough to
smooth dow nstream of the aft, body induces strong oscillations in the friction but these damp out
after about four calibers. The friction considerahlv uider-shoot:; the return to the smnooth case
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and slowly approaches it from below. The conical transition section between the two different
diameter cylinders shows some relatively strong effects of the changing local flow on the rough-
ness computation.

Figure 15 shows the effect of the roughness on the surface pressure distribution is veiv weak
under these conditions, There is a slight increase in pressure near the start of the roughness and a
slight decrease downstream of the roughness. These changes reflect the increased rate of growth
of the boundary layer thicknesses over the rough portion of the body. Note that the oscillations
in the solutions are much weaker in the pressure as compared to those in the friction.

Figure 16 illustrates the effect on the velocity profiles. The most distorted profile occurs at
the most downstream point, Except for that one profile, the rest show the expected growth in the
boundary layer thickness.

The total forebody drag results are shown, in Figure 17, as a function of equivalent roughness
height. Two cases are shown, the first has roughness over both the fore- and aft-body cylinders.
The second case is for the situation with roughness only on the fore-body. The smooth body
calculation is in good agreement with the experiment (it is four percent lower because of the
omitted nose blunting). There is a break in both curves which occurs at the point where the
Healzer mo(lel changes from h* less than, to greater than 55.0. The horizontal dotted lines show
the measured drag for the two cases. The equivalent sand roughness is 0.075 inches for the case
where both surfaces are roughened and 0.05 inches for the rough fore-body. Both of these values
are significantly different than the predicted equivalent roughness height. However, the ex-
perimental uncertainty in the drag due to roughness is potentially quite large and this could have
a significant effect on the equivalent sand roughness height determined from Figure 17.

XI. CONCLUSIONS

Based on a review of previous correlations of the effect of roughness on the turbulent bound-
ary layer, a new roughness density parameter is proposed. It is a product of reference surface to
total frontal area ratio and a shape factor which takes into account the average inclination of the
windward surface of the roughness elements. The new parameter is used to correlate the dis-
placement of the logarithmic wall profile for two-dimensional and three-dimensional roughness
elements. The equivalent sand roughness. based on tile new correlation, is identical to, or in
good agreement with. previous ones, for small values ot the roughness parameter. However, for
large values of this parameter, the differences are considerable.

For dcnse two-dimensional roughness, the ratio of the size of the equivalent roughness to
height of tile actual element, stronglly depends oi tihe roughness density parameter. However,
because of the variability of the limited av'ilahle data, the correlation results for vltilues of the
roughness parameter less than live are restricted to iecttngul;ar eleierits.
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Additional data are needed in order to extend and further substantiate the correlation. For the

two-dimensional case, data for chanmfered elements are desired, and for three-dimensional

roughness, elements of various aspects ratios (spanwise dimension to height ratio) in different

densities and arrangements. The additional data are required, mainly, in order to extend the

correlation to small and intermediate values of the roughness density parameter. In addition,

compressibility effects at supersonic Mach numbers are still poorly understood.

A modified form of Bettermann's correlation has been used in an engineering type, compo-

nent build-up, analysis for the estimation of the additional axial-force due to grooves and threads.

A turbulence model, based on that of l-iealzer, et. al, and the equivalent sand roughness

correlation has been incorporated in the Schiff and Steger Parabolized Navier-Stokes code. This

code has been applied to the long-rod, wind tunnel model of Brandon and Von Wahlde. It is

observed that the Healzer model has to be modified to includc a transition zone when going from

a rough to a smooth surface and vice verse. This is required to obtain stable numerical solutions

and to account for the propagation of information across the viscous layer at high speeds. The

propagation is approximated by restricting the effect of the changing wall conditions to a region

below a Mach wave originating at the change in wall conditions. The wave has been estimated

using the free-stream Mach number.

The modified PNS code has been applied to the wind tunnel tests ot Blranldoon and Von

Whalde. When the predicted equivalent roughness height of 0.0279 calibers was used in the

code, the skin friction coefficient is increased on the roughened surface 48% over the smotth

wall case. This is consistent with the component build tip method. Additionally, the PNS results

preC: the skin friction to he below (tip to 20%) the snmoth wall value on the surfaces

downstream of the roughness. The component build-up technique did not account for this

reduction.

The total drag computed from the modified PNS code using the predicted equivalent rough-

ness height is significantly lower than the drag measured in the wind tunnel. A larger equivalent

roughness height corresponding to the actual roughness gave better results.
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'k' TYPE ROUGHNESS

2d' TYPE ROUGHNESS

Figure 5. Illustration of k' and Vd roughnesses (after Reference 20).
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GEOMETRY TEST ANALYSIS
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Figure 12. N-undirnensioial mixing length based on the Van Driest model.
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LIST OF SYMBOLS

a = width, in mainstream direction, of roughness element

Af = frontal area of a roughness element

AR = parameter in Healzer model

As = windward area of a roughness element

A,, = free-stream velocity of sound

C = a constant in the Law of the Wall

CA = axial-force coefficient

CpP Ckleb = Lonstraints in Baldwin-Lomax turbulence model

Cr = skin friction coefficient

Cfo = smooth wall skin friction coefficient

d = average spacing of roughness elements

D = a term in the expression for the change of intercept of the Law of the Wall

Ds = value of D for sand roughness

E = parameter in Han's model

A A A

E F, G = flux vectors in transforned coordinates

G = transition function from smooth to rough

hi = height of roughness clement

lies = height of equivalent sand roughness
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LIST OF SYMBOLS (continued)

hs = height of sand roughness

k = Clauser's constant = 0.0168

1 = mixing length

M" = free-stream Mach number

p = streamwise spacing of roughness elements

P = pressure

q = vectors of dependent variables

R = parameter in Han's model

A
Re = Reynolds number

S = reference area for skin friction, area of smooth surface before adding on the
roughness

Sr = total frontal area of roughness elements

SR = reference area for axial-force coefficient

A
S = viscous source temi

U = velocity in mainstream direction

ue = velocity at the edge of the boundary layer

uLt = friction velocity

x= longitudinal distance from nose

y = distance from the wall



LIST OF SYMBOLS (continued)

Greek Symbols

y= ratio of specific heats

F = Klebanoff interrnittency factor

K = Von Karman constant

X = roughness densit, parameter, defined in TABLE I

A = composite roughness desity parameter, defined in TABLE I

.t = turbulent viscosity

= kinematic viscosity

-, = transfomred coordinates

p = density

0= vorticity

_Superscripts

= inner layer

o = outer layer

r = rough

S S1110()II1

=l)l!e Donne density parameter

+ = wall parameters

4-1/



LIST OF SYMBOLS (continued)

Subscripts

a = density parameter base on width

f = density parameter based on frontal area

h = density parameter based on height

mu = math wave

ri = start of roughness

s = new density parameter

w = wall conditions
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